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INTRODUCTION 
Ultrasonic nondestructive inspection (NDI) is widely applied in order to evaluate the 
structural integrity of steel components. The main reason for this success is that ultrasonic 
NDI is an excellent means for detecting inhomogeneities. Ultrasonic characterization of 
inhomogeneities, however, is less successful, as ultrasonic measurements do not directly 
provide the information, such as size and shape, needed to apply the rules of fracture 
mechanics. Although the location and orientation of an inhomogeneity may sometimes be 
estimated quite accurately from ultrasonic measurements, its size and shape are often very 
hard to determine. Cross-sectional images of the region containing the inhomogeneity would 
be particularly suitable for extracting these characteristic features. It is possible to reconstruct 
an image of a possible defect from ultrasonic B-scan data using the well-known Synthetic 
Aperture Focusing Technique (SAFT) [1]. 
At the end of 1988 a research project was started at the TNO Institute of Applied 
Physics, supported by the Dutch Electric Power Institute (KEMA), Shell Research and the 
Dutch Gas Company (Gasunie). The objective of this project is to evaluate the applicability of 
ultrasonic imaging for defect characterization in practice. Research has primarily focused on 
weld defects, such as cracking, lack of fusion, or lack of penetration. One of the main 
problems to be studied is the imaging of defects, which are oriented perpendicularly to the 
scanning surface (so-called 'vertically oriented defects'), like cracking in the heat affected 
zone of a weld. In this paper it is described how ultrasonic data should be acquired for SAFf 
defect reconstruction to provide reliable images of the weld defects concerned. 
SAFT DEFECf RECONSTRUCTION 
The SAFT defect reconstruction method is based on inverse wavefield extrapolation. In 
fact, ultrasonic responses are back-propagated from the detection surface towards those 
points in space were they may have originated from. Thus, by eliminating the propagation 
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effects from the recorded ultrasonic data the reflectivity is imaged, yielding a reconstruction 
of the insonified boundaries of the inhomogeneity convolved with the used source wavelet. 
For a detailed theoretical description of ultrasonic imaging one is referred to literature [2,3]. 
Acquiring ultrasonic data in NDI practice should be fast, simple and flexible. 
Therefore, after an inhomogeneity is detected and approximately located, only single line-
scans are generally performed to be processed by SAFf. The use of only pulse-echo or 
single-shot data limits the image resolution considerably. Of course, the use of many different 
source positions for one receiver aperture, as is common practice in 2-D seismics, would 
increase the image resolution significantly. The corresponding increase in data-acquisition 
and processing effort, however, would become too large for NDI to be practicable. 
Consequently, other methods have to be applied in order to obtain the highest possible image 
resolution. 
IMAGE RESOLUTION 
Optimal insonification of a defect is of crucial importance for accomplishing the desired 
high image resolution. When a part of a defect is not insonified at all, or its scattered 
wavefield is not recorded, this part will not be imaged. This seems trivial, yet the limitation of 
the source/receiver aperture and the application of bounded-beam transducers in practice 
severely restrict the acquisition of ultrasonic reflectivity information from all parts of the 
defect. The effects of source/receiver aperture limitation on image resolution and defect 
reconstruction are described in [4]. 
By employing indirectly reflected responses for defect reconstruction, using the object 
walls as known reference reflectors, the source/receiver aperture is virtually increased. 
Hence, different parts of a defect may be imaged by applying SAFf on responses from 
multiple wavepaths contained in one single B-scan. This method is called Multi-SAFf, where 
the resulting multiple images can be combined to improve the image resolution [5]. 
Obviously, the image resolution depends also on the pulse shape, as the reconstructed 
defect boundaries are imaged through a superposition of many ultrasonic responses. Broad-
band source and receiver transducers will therefore enhance the image resolution. On the 
other hand, the use of such transducers will lead to an increase in image processing time, 
because sampling criteria require denser image sampling for higher frequencies (in order to 
avoid aliasing). Using low-pass filtering prior to imaging allows one to image large areas 
rapidly with a coarse image sampling. Those parts of this image that feature a lead should be 
imaged again, using a denser image sampling (related to the maximum frequency present in 
the responses), to obtain the highest possible resolution. 
OPTIMIZING DATA-ACQUISmON 
The fact that only a limited amount of ultrasonic information can be collected at the 
surface of an object (mainly caused by the aperture limitation and the acquisition of only 
single B-scan data with bounded-beam transducers) calls upon careful optimization of the 
data-acquisition configuration in order to obtain ultrasonic B-scan data which are suitable for 
imaging. For instance, in [6] it has been shown that vertically oriented defects can only be 
imaged properly when applying separate source and receiver transducers. As the most 
dangerous defects, such as cracks near or inside welds, are often (almost) vertically oriented, 
the application of separate source and receiver transducers for reconstruction of unknown 
inhomogeneities in practice is absolutely necessary. 
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Figure 1. The lateral split data-acquisition configuration for a vertically oriented defect, 
making use of the indirectly reflected responses. 
A tandem configuration (scanning both source and receiver separated by a fixed 
distance) could be used for imaging (nearly) vertically oriented defects. The two transducers 
in a row, however, reduce the length of the available scanning aperture and are less easy to 
handle than one single transducer. Moreover, both the source and receiver transducer should 
have wide-angled beams to ensure insonification of the defect as well as reception of 
responses along the scanning aperture. Consequently, the signal-to-noise ratio of the 
recorded ultrasonic data will be reduced. 
When a narrow angled-beam source at a fixed position is applied, a defect can be 
optimally insonified and the signal-to-noise ratio of the recorded B-scan data will be higher 
than in the tandem mode. To be able to scan the receiver transducer along the whole available 
aperture, the source transducer should be located outside that aperture. Furthermore, the 
source and receiver beams should be positioned in such a way that they are each directed 
symmetrically around the geometrical reflection direction of the defect, as shown in figure 1. 
The angle with the direction of the geometrical reflection is designated the lateral split angle. 
This so-called lateral split configuration allows one to position the source optimally with 
respect to the defect without interfering with the scanning receiver. 
ANGLE DEPENDENT REFLECTIVITY 
In ultrasonic NDI shear waves are preferably used, as they can be generated in most 
inclined directions without introducing compressional waves. Moreover, they have smaller 
wavelengths at the same frequency than compressional waves, resulting in a higher image 
resolution. In wedge transducers, compressional waves are used to generate pure vertically 
polarized shear waves at the wedge-object interface by mode conversion on transmission. 
Many defects in steel may be considered having approximately stress-free boundaries, which 
makes the computation of the angle dependent reflection coefficient for vertically polarized 
shear waves fairly straightforward. The amplitude and phase of this reflection coefficient, 
which holds for plane waves incident on an infinitely long, plane, smooth, and stress-free 
interface, are shown in figure 2 as a function of incident angle (for steel: cp = 5900 mis, 
cs = 3260 rn/s). 
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Figure 2. The amplitude (a) and phase (b) of the reflection coefficient for SV waves on 
stress-free steel boundaries as a function of angle of incidence. 
Application of the lateral split data-acquisition configuration requires a full 3-D 
evaluation of defect reflectivity. Optimal defect insonification is accomplished when the 
reflection amplitude of the incident vertically polarized shear wave at the reflecting face of the 
defect is maximal. In three dimensions, this reflection amplitude is a function of incident 
angle and polarization [7]. The incident wave is a pure vertically polarized shear wave at the 
surface of the object. With respect to the reflecting face of the defect, however, the incident 
wave may be a combination of vertically and horizontally polarized shear waves. 
In case of stress-free boundaries, horizontally polarized shear (SH) waves reflect 100% 
without any phase change for all angles of incidence. Vertically polarized shear (SV) waves, 
however, may either be changed in amplitude or in phase upon reflection. Thus, the 
detectable (vertically polarized) shear wave at the surface of the object is the vertically 
polarized component of the reflecting shear wave coming from the defect. This shear wave 
reflection is again the vector sum of the locally reflecting SH and SV wave components at the 
face of the defect. The angle between the incident (arbitrarily polarized) shear wave at the face 
of the defect and its local vertically polarized component is called the decomposition angle 
(see figure 3). The expression for this decomposition angle X in a lateral split configuration 
on a flat plate is [8]: 
Ilcos~-cosacos~l\ 
x=acos\ {' 
sin a sin ~ 
(1) 
where ~ is the angle between the surface of the object and the reflecting face of the defect, a 
the angle of incidence at the defect and ~ the insonification angle. The angle of incidence a 
can be derived from simple geometrical relations, yielding: 
a = acos ( cos ~ cos ~ + sin ~ sin ~ cos 'Y ) , (2) 
where 'Y is the lateral split angle. The vector sum of the two reflecting shear wave 
components results in a vertically polarized shear wave component at the surface of the object 
with an amplitude 9\ and phase change 11 (with respect to the incident wavelet): 
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() (sinZX+cos2XiRSY(a)icos{q>sY(a)l) T\ a,X = acos , 
9\(a,x) 
where 1RSy(a)1 and q>Sy(a) indicate, respectively, the amplitude and phase of the angle 
dependent SV wave reflection coefficient (as a function of angle of incidence). 
(4) 
It is obvious, that the amplitude and phase of the SV reflection coefficient should be 
computed as a function of lateral split angle (for some chosen insonification angle and defect 
orientation) to be able to optimize defect insonification (source position). In figure 4, the 
amplitude and phase of the SV reflection coefficient are shown for a vertically oriented defect 
in a flat plate and a 45° insonification angle. It can be seen by comparing the plain and dashed 
curves from figure 4, that polarization effects should certainly not be ignored when applying 
the lateral split configuration. Although SV waves reflect 100% at a stress-free boundary for 
post-critical angles of incidence, polarization due to the application of a lateral split angle 
configuration may reduce the reflection amplitude to less than 20%! Thus, in case of 
insonification of inclined defects, the choice of lateral split angle determines the signal-to-
noise ratio of the recorded B-scan data. 
As reflection responses have generally much higher amplitudes than diffraction 
responses, the amplitudes of the latter will not be properly sampled due to the limited 
dynamic range of the AID-converter. Multi-SAFf, however, uses both diffraction and 
reflection responses contained in one single B-scan for imaging. By choosing the lateral split 
angle properly, the amplitudes of the reflection responses are reduced and both reflection and 
diffraction responses may be recorded within an acceptable dynamic range. 
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Figure 3. The lateral split configuration with the decomposition angle X in relation to the tilt 
angle ~, the insonification angle ~, the lateral split angle y, and the angle of incidence a; the 
surface of the object ('object plane') is the x-y plane; the tetrahedron, as indicated, is used to 
derive the expression for the decomposition angle. 
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Figure 4. The amplitude (a) and phase (b) of the reflection coefficient for SV waves as a 
function of lateral split angle, for a 45° angle of incidence on a vertically oriented defect; the 
dashed lines indicate the results without considering polarization effects. 
EXAMPLES OF OfYTIMIZED MULTI-SAFf IMAGING 
To demonstrate Multi-SAFf imaging, a B-scan of 100 mm length has been recorded at 
the surface of a 30 mm thick steel plate near an X-shaped weld containing a 6 mm lack of 
penetration defect. A 60° wide-angled beam (scanning) receiver transducer and a (fixed) 45° 
narrow-beam source transducer were applied using a 30° lateral split angle. Vertically 
polarized shear waves of 4 MHz center frequency (3 MHz -3dB bandwidth), propagating 
with a wave velocity of 3300 mis, were generated and recorded at the upper surface of the 
plate. In figure 5a the geometry of the weld with the defect is shown, together with the 
employed indirect wavepaths. Figure 5b shows the coarsely sampled image (sampling 0.5 
mm; frequencies up to 3 MHz) of 3Ox40 mm, as indicated in figure 5a. The wavepath used 
for imaging reflects from the backwall towards the defect and then back towards the receiver, 
and is designated the (I,O)-path (indicating the number of object wall reflections before and 
after defect interaction). Figure 5b clearly features an indication of an inhomogeneity and its 
type may be determined from its position in the center of the weld. The resolution, however, 
is too low to be able to size it accurately. 
a 
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Figure 5. The geometry of the lack of penetration defect in an X-shaped weld (a) and the 
coarsely sampled image (b) of 4Ox30 mm, using the (l,D)-path as indicated in (a); the small 
region, indicated in (b), has been imaged with increased resolution and is shown in figure 6. 
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Figure 6. The (1,0) reflection image (a), the (1,1) diffraction image (b), and the combination 
of the two images (C) of a 6 mm lack of penetration defect in aU-shaped weld; the position of 
this small 9x8 mm image region is indicated in figure 5b. 
Even when the indication of figure 5b is imaged at maximum resolution (sampling 
0.1 mm; frequencies up to 8 MHz), as shown in figure 6a, the (1,0) reflection image does not 
allow accurate sizing. The restricted amount of scattering infonnation acquired with one 
single source position and a limited receiver aperture will not yield a high resolution image of 
the defect. Yet, the aperture may be virtually enlarged by employing the diffraction responses 
of the tip and root of the defect (using the (1, I)-path, as indicated in figure 5a). By applying a 
lateral split angle of 30° for a 45° angled beam source, the amplitude of the detectable SV-
reflection is reduced to approximately 20% of its initial value (according to figure 4a). 
Therefore, the weak diffraction responses are sampled with a sufficiently high dynamic range 
within the recorded B-scan data and can be used for imaging (figure 6b). 
Accurate sizing can only be perfonned when the reflection and diffraction images are 
combined into one image, as shown in figure 6c. The tip and root positions of the lack of 
penetration defect are marked by the intersection of the diffraction and reflection indications. 
From the combination image (figure 6c), the size of the defect is estimated to be 
approximately 6 mm, matching the production data of this artificially induced lack of 
penetration defect correctly. 
CONCLUSIONS 
Applying ultrasonic imaging techniques (like SAFf) for defect characterization is 
complicated, as in practice the image resolution is severely restricted by the use of bounded-
beam transducers and limited source/receiver apertures. To obtain a sufficiently high image 
resolution for the determination of type and size of a defect, the data-acquisition configuration 
has to be fully optimized. Moreover, the source/receiver aperture has to be virtually enlarged 
by employing multiple wavepaths for imaging (Multi-SAFf). 
By combining diffraction as well as reflection images, the size of a defect may in certain 
cases be determined quite accurately. By applying broad-band transducers, the defect may be 
imaged with a sufficiently high resolution to be able to determine its type from the position 
and orientation of its image. It has been established, that the application of a fixed source 
together with a scanning receiver in a lateral split configuration generally provides suitable B-
scans to be used for Multi-SAFT imaging of most types of weld defects. 
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The detennination of the shape of a defect from Multi-SAFf images is still very 
difficult, mainly due to the limited source/receiver aperture. Multiple B-scans could be 
acquired to enhance the image resolution, or alternative techniques such as neural network 
classification [4,9], could be applied. Further research will have to be done on shape 
detennination, as the shape of a defect is closely related to the threat it forms to a 
construction. 
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